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Abstract Skeletal muscles of old mice demonstrate a
profound inability to regenerate fully following damage.
Such a failure could be catastrophic to older individuals
where muscle loss is already evident. Degeneration and
regeneration of muscle fibres following contraction-
induced injury in adult and old mice are well
characterised, but little is known about the accompany-
ing changes in motor neurons and neuromuscular junc-
tions (NMJs) following this form of injury although
defective re-innervation of muscle following
contraction-induced damage has been proposed to play
a role in sarcopenia. This study visualised and quantified
structural changes to motor neurons and NMJs in
Extensor digitorum longus (EDL) muscles of adult and
old Thy1-YFP transgenic mice during regeneration fol-
lowing contraction-induced muscle damage. Data dem-
onstrated that the damaging contraction protocol result-
ed in substantial initial disruption to NMJs in muscles of
adult mice, which was reversed entirely within 28 days
following damage. In contrast, in quiescent muscles of
old mice, ∼15 % of muscle fibres were denervated and
∼80 % of NMJs showed disruption. This proportion of
denervated and partially denervated fibres remained
unchanged following recovery from contraction-
induced damage in muscles of old mice although
∼25 % of muscle fibres were completely lost by 28 days
post-contractions. Thus, in old mice, the failure to re-
store full muscle force generation that occurs following
damage does not appear to be due to any further deficit
in the percentage of disrupted NMJs, but appears to be
due, at least in part, to the complete loss of muscle fibres
following damage.
Keywords Skeletal muscle . Ageing . Lengthening
contractions . Regeneration . Innervation neuromuscular
junction
Abbreviations
EDL Extensor digitorum longus
NMJs Neuromuscular junctions
AChRs Acetylcholine receptors
BTX Bungarotoxin
NCAM Neural cell adhesion molecule
WGA Wheat germ agglutinin
Introduction
During ageing, skeletal muscles become smaller and
weaker such that, in humans, by age 70, the cross-
sectional area of skeletal muscle is reduced by 25–
30 % and muscle strength is reduced by 30–40 %
(Porter et al. 1995). The changes in muscles during
ageing show considerable similarities between man
and rodents (Garcia et al. 2013; Miller 2004). Thus,
AGE (2016) 38:259–272
DOI 10.1007/s11357-016-9937-7
A. Vasilaki :N. Pollock : I. Giakoumaki :
K. Goljanek-Whysall :G. K. Sakellariou : T. Pearson :
A. Kayani :M. J. Jackson :A. McArdle (*)
MRC-Arthritis Research UK Centre for Integrated Research into
Musculoskeletal Ageing, Department ofMusculoskeletal Biology,
Institute of Ageing and Chronic Disease, University of Liverpool,
Liverpool L7 8TX, UK
e-mail: mdcr02@liverpool.ac.uk
most of the intrinsic and extrinsic changes regulating
muscle ageing in humans have also been observed in
rodents, indicating that mice and rats are goodmodels of
sarcopenia in humans (Demontis et al. 2013). Humans,
rats and mice show loss of muscle fibres with ageing.
The maximum isometric force decreases more than
muscle mass during ageing in mice in a similar manner
to humans, even when expressed relative to the cross-
sectional area of the muscle (Faulkner et al. 1995;
Gonzalez and Delbono 2001), demonstrating a weaken-
ing of remaining muscle fibres. Denervation is proposed
to contribute to loss of muscle mass and function in
humans and rodents (Delbono 2003; Jang and Van
Remmen 2011), and loss of fibres is associated with a
loss of motor units in humans, rats and mice (Brown
et al. 1988; Campbell et al. 1973; Einsiedel and Luff
1992; Larsson and Ansved 1995; Lexell et al. 1986,
1988). The muscle fibres that remain show an increased
susceptibility to damage and a substantially reduced
ability to fully regenerate following damage (Brooks
and Faulkner 1990; Kayani et al. 2008; McArdle et al.
2004), potentially resulting in a permanent functional
deficit when damage occurs. This failure of muscle from
older individuals to regenerate fully following damage
could be catastrophic to older individuals. It has also
been proposed that multiple damaging insults may be a
key mechanism leading to loss of muscle fibres during
ageing (Ehrhardt and Morgan 2005; Shi and Garry
2006), a process which contributes substantially to
sarcopenia, although the role of failed regeneration in
this process is controversial since Fry et al. have shown
that although depleting muscle satellite cells has a se-
vere effect on regenerative capacity of muscle, this has
little effect on sarcopenia (Fry et al. 2015).
The mechanisms by which muscle regeneration fol-
lowing contractile activity fails in old mammals are
poorly understood. Studies to date have focussed pri-
marily on the ability of muscles of old rodents to regen-
erate following treatment with myotoxins, following
nerve crush or resection or following grafting ofmuscles
across different aged rodents which initiates spontane-
ous muscle degeneration together with nerve resection
(Carlson et al. 2001; Kawabuchi et al. 2011; Lee et al.
2013; Streppel et al. 1998; Verdu et al. 1995).
Degeneration and regeneration of muscle fibres follow-
ing contraction-induced injury in adult and old mice are
well characterised, but little is known about the accom-
panying changes in motor neurons and neuromuscular
junctions following this form of injury. Lengthening
contractions cause considerably more damage to skele-
tal muscle than shortening or isometric contractions
(Faulkner et al. 1989; McCully and Faulkner 1985),
and the pattern of damage leading to loss of muscle
force generation and recovery follows a characteristic
pattern and time course (Brooks and Faulkner 1990;
Faulkner et al. 1989; McArdle et al. 2004; McCully
and Faulkner 1985, 1986). The time course and charac-
teristics of contraction-inducedmuscle injury and recov-
ery are similar for mice (Brooks et al. 1995; Faulkner
et al. 1989) and humans (Faulkner et al. 1993; Friden
et al. 1983). Studies in young/adult mice show that the
maximum force deficit occurs at approximately 3 days
following a period of severe lengthening contractions
with subsequent recovery/regeneration resulting in a
complete restoration of maximum force generation by
28 days following this damage (Brooks and Faulkner
1990; McArdle et al. 2004). In old mice, the time course
of functional recovery following contraction-induced
damage is well characterised. Recovery of force gener-
ation for up to ∼14 days post-damage appears equivalent
to that seen in adult mice (McArdle et al. 2004). In
contrast, later recovery appears to fail, and muscles
show a significant residual force deficit at 28 days fol-
lowing damaging lengthening contractions that appears
permanent (Brooks and Faulkner 1990; McArdle et al.
2004). The cause of this force deficit in muscles of old
mice is unclear, but the relatively normal initial phase of
regeneration suggests that this may not be related to a
deficit in satellite cell activation previously reported in
muscle of old mice (Ehrhardt andMorgan 2005; Shi and
Garry 2006).
Considerable changes in muscle innervation occur
during ageing (Chai et al. 2011; Jang and Van
Remmen 2011; Valdez et al. 2010), and there is increas-
ing evidence that the loss of skeletal muscle fibres with
ageing is associated with a loss of whole motor units
(Brown et al. 1988; Einsiedel and Luff 1992; Larsson
and Ansved 1995) although it is unclear whether motor
neuron defects are a cause or effect of the loss of muscle
fibres (Larsson and Ansved 1995; Wang et al. 2005).
Some data from rodents also indicate that, despite the
loss of innervation of neuromuscular junctions that oc-
curs with ageing, the number of motor neuron cell
bodies in the lumbar spinal cord are unchanged indicat-
ing that changes predominantly occur in peripheral re-
gions of motor units (Chai et al. 2011). The mechanisms
by which this full or partial denervation of neuromus-
cular junctions occurs during ageing are unknown, but it
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has been proposed that the muscle damage that occurs
during everyday muscle activities contributes to these
changes in innervation.
This study has used a well-established rodent model
of muscle damage to test the hypotheses that
(i) lengthening contraction-induced damage to mus-
cles is associated with disruption of the innervation
of muscle fibres that would be fully reversed during
regeneration in adult mice, but that
(ii) the late stage failure in ability of muscles from old
mice to recover their ability to generate force fol-
lowing lengthening contractions is associated with
a failure to appropriately re-innervate regenerated
muscle fibres.
Methods
Ethical approval
Experiments were performed in accordance with UK
Home Office guidelines under the UK Animals
(Scientific Procedures) Act 1986 and received ethical
approval from the University of Liverpool Animal
Welfare and Ethical Review Body (AWERB).
Mice
This study used adult (6–8 months) and old (26–
28 months) male Thy1-YFP transgenic mice. Breeding
pairs were originally purchased from The Jackson
Laboratory (stock number 003709; http://jaxmice.jax.
org/strain/003709.html). These transgenic mice express
yellow fluorescent protein in high levels in motor and
sensory neurons, as well as in subsets of central neurons.
This strain provides a strong and specific marker of
axons with 100 % YFP expression in motor neurons
from mid-gestational stages and allows detailed visual-
isation of skeletal muscle innervation using confocal
microscopy without the use of antibody staining. Mice
were bred from homozygous breeding pairs and were
fed a standard laboratory diet. Mice were exposed to a
12-h dark, 12-h light cycle.
Lengthening contraction protocol
Extensor digitorum longus (EDL) muscles were sub-
jected to a well-characterised protocol of 450
lengthening contractions as described previously
(McArdle et al. 2004; McCully and Faulkner 1985).
Briefly, adult and old mice were anaesthetised using
gas anaesthesia (2 % isoflurane in 2 l/min oxygen
delivered via a precision vaporizer). The knee of the
right hind-limb was fixed. The distal tendon was
exposed and attached to the lever arm of a servomo-
tor (Cambridge Technology, UK). The lever served
as a force and displacement transducer. The peroneal
nerve was exposed, and electrodes were placed
across the nerve. The EDL muscle of the contralateral
limb served as a control. The protocol of 450 length-
ening contractions consisted of three 5-min periods
with 150 nerve-induced contractions during each pe-
riod (i.e. one contraction every 2 s) and a 5-min rest
period between each lengthening contraction period.
This protocol produces an equivalent level of damage
to 60–70 % of the muscle fibres in muscles from
adult and old mice allowing the study of regeneration
following an equivalent level of damage in muscles
of adult and old mice (McArdle et al. 2004; Rader
and Faulkner 2006). The protocol follows a well-
established and characteristic pattern and time course
of loss of force generation, followed by regeneration
and recovery of force generation by the skeletal mus-
cle that is complete by 28 days in muscles of adult
mice, but which fails after 14 days in muscles of old
mice (Brooks and Faulkner 1990; Kayani et al. 2008;
McArdle et al. 2004). Contractile forces were not
measured in this cohort of mice to avoid potential
artefactual changes in NMJ structure following ex-
posure of the NMJs to a series of high-frequency
contractions. Sham-operated controls were used.
The EDL is composed of 99 % fast myofibres, and
the focus was on this muscle since it has been shown
that fast muscle fibres are preferentially lost in old
age. Therefore, fibre-typing was not considered as
necessary in our study.
At 3 and 28 days following the contraction pro-
tocol, mice were killed by cervical dislocation, and
the EDL muscles were immediately removed. EDL
muscles from adult and old mice were either
mounted directly on a cork disk, surrounded with
O.C.T. mounting medium (Fisher Scientific Ltd,
UK), frozen rapidly in isopentane cooled in liquid
nitrogen and sectioned using a cryostat for histolog-
ical analysis (tranverse sections) or were fixed in
4 % p-formaldehyde for 30 min prior to sectioning
(longitudinal sections).
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Visualisation of NMJs
To visualise AChRs in Thy1-YFP mice, 35-μm longi-
tudinal sections from the EDL muscles were incubated
for 30 min with 5μg/ml Alexa 594-conjugated BTX
(Molecular Probes, Life Technologies Ltd, UK) as pre-
viously described (Valdez et al. 2010). Fluorescence
images were obtained using a C1 confocal laser-
scanning microscope (Nikon Instruments Europe BV,
Surrey, UK) equipped with a 405-nm excitation diode
laser, a 488-nm excitation argon laser, and a 543-nm
excitation helium-neon laser. Emission fluorescence
was detected through a set of 450/35, 515/30 and 605/
15 emission filters. Fluorescence images were captured
and analysed with the EZC1 V.3.9 (12bit) acquisition
software. NMJs that had both green (YFP) and red
(BTX) overlapping staining were considered as inner-
vated (Fig. 1a, b), while NMJs stained with only BTX of
the postsynaptic AChR site were considered as fully
denervated (Fig. 1c, d). Faintly labelled patches of re-
ceptors and receptors that were only partially covered by
the nerve terminal were considered as fragmented
(Fig. 1e, f, marked by yellow arrow). Data was collected
from 100 NMJs per EDL from 4 animals at each time
point. Red arrows in Figs. 4, 6 and 7 indicate structural
changes including nerve terminal fragmentation and
partially or fully denervated NMJs.
Histological analysis of EDL muscles
Transverse sections of muscles (10 μm) were stained
with hematoxylin and eosin, dehydrated and mounted in
DPX mountant (VWR International Ltd., Poole, UK).
Muscles were examined at 3 and 28 days following the
lengthening contraction protocol. Images were captured
using a Zeiss Axiovert 200Mmicroscope equipped with
×10 and ×20 objectives and analysed using Axiovision
4.4 image capture and analysis software (Carl Zeiss
GmbH, Germany).
For Neural Cell AdhesionMolecule (NCAM) immu-
nostaining, transverse sections of muscles (12 μm) were
fixed with ice-cold methanol for 10 min, rinsed three
times with phosphate buffer saline (PBS) and blocked
for 30 min with PBS-0.05 % Tween 20 containing 20 %
calf serum (PBST-S) at room temperature as previously
described (Kostrominova 2010). Sections were incubat-
ed overnight with rabbit anti-neural cell adhesion mol-
ecule antibody (NCAM; Chemicon, Temecula, CA,
USA) at 4 °C in PBST-S. Sections were washed in
PBST-S and were incubated with Alexa Fluor® 532
Goat Anti-Rabbit IgG (Molecular Probes) for 1 h at
room temperature. Co-staining of sections with
fluorescein-conjugated wheat germ agglutinin (green,
WGA–fluorescein, 2 μg/ml; Vector Laboratories, UK)
was used for visualisation of the connective tissue
around muscle fibres as previously described
(Kostrominova 2011). Sections were covered using
Vectashield with DAPI (Vector Laboratories, UK) and
were visualised using a C1 confocal laser-scanning mi-
croscope (Nikon Instruments Europe BV, Surrey, UK).
Sections incubated only with Alexa Fluor® 532 Goat
Anti-Rabbit IgG were used as negative controls.
Real-time PCR
RNA isolation and quantitative real-time PCR were
performed using standard methods (Goljanek-Whysall
et al. 2014). cDNA synthesis (mRNA) was performed
using 500 ng RNA and SuperScript II according to the
manufacturer’s protocol. qPCR analysis was performed
using sso-Advanced SybrGreen Mastermix (Biorad) in
a 10-μl reaction as described previously (Soriano-
Fig. 1 Classification of NMJs. a–b fully innervated, c–d fully
denervated, e–f partly innervated with AChR not covered by the
nerve terminals identified by yellow arrow. a, c, e YFP in motor
axons (green), AChRs labelled with Alexa-594-α-bungorotoxin
(red). b, d, fMerged image from a, c, e. Scale bar 10 μm
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Arroquia et al. 2016). Expression relative to 18S was
calculated using delta delta Ct method. The sequences
of the primers are shown in Table 1.
Statistics
Statistical analysis of data was undertaken using the
Student’s t test, and analysis of more than two condi-
tions was performed by ANOVA, using SPSS software.
The mouse numbers to produce appropriate sample
sizes have been calculated using power calculations
based on the likely magnitude of effect from published
data and data provided from the author’s laboratories.
They are based on changes in each index at conventional
5 % two-sided significance and 80 % power. To obtain
this, power required four mice per time point. For real-
time PCR experiments, data distribution was assessed
using the Mann-Whitney test, and p value was calculat-
ed using unpaired Student’s t test.
Results
Histological analysis of EDL muscles following
lengthening contractions
The time course of changes in structure of the EDL
muscles was assessed using histological approaches.
Three days after contraction-induced injury, histological
analysis of transverse sections of EDL muscles from
adult mice showed widespread necrosis with the pres-
ence of phagocytic cells within fibres (Fig. 2b) com-
pared with EDL muscles from the contralateral control
leg (Fig. 2a). Twenty-eight days after lengthening con-
tractions, transverse sections of muscles from adult mice
appeared relatively normal with evidence of relatively
few fibres with central nuclei present (Fig. 2c).
Table 1 The sequences of the primers used for quantitative real-time PCR
Gene Forward primer sequence Reverse primer sequence
18S GGGGAGTATGGTTGCAAAGC CGCTCCACCAACTAAGAACG
Atrogin-1 GCAGAGAGTCGGCAAGTC CAGGTCGGTGATCGTGAG
MuRF1 AGTGTCCATGTCTGGAGGTCGTTT ACTGGAGCACTCCTGCTTGTAGAT
AchRα (Punga et al. 2011) GCCATTAACCCGGAAAGTGAC CCCCGCTCTCCATGAAGTT
MuSK (Punga et al. 2011) GCCTTCAGCGGGACTGAG GAGGCGTGGTGACAGG
Fig. 2 Representative transverse sections of quiescent EDL mus-
cles from adult (a) and old (d) mice, EDL muscles 3 days post-
lengthening contractions from adult (b) and old (e) mice and EDL
muscles 28 days post-lengthening contractions from adult (c) and
old (f) mice. Sections stained with hematoxylin and eosin. Scale
bar 25 μm. g Total number of fibres per cross-section of contra-
lateral control and experimental EDLmuscles at 28 days following
contraction-induced injury. Data collected from four animals.
Values presented as mean ± s.e.m. *P < 0.05
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Quiescent muscle fibres of old mice (Fig. 2d) showed
some minor changes in structure compared with those
from adult mice (Fig. 2a). These included some varia-
tion in fibre size and an apparent increase in the extra-
cellular space between fibres. At 3 days following the
damaging lengthening contractions, muscle fibres from
old mice showed evidence of substantial damage with
infiltration of mononuclear cells (Fig. 2e) in a similar
manner to muscles of adult mice (Fig. 2b). By 28 days
post-contractions and in contrast to the pattern seen in
muscles from adult mice, muscles from old mice
showed multiple fibres with central nuclei, some resid-
ual infiltrating mononuclear cells and the presence of a
large number of small fibres indicating that regeneration
may be incomplete at that time point (Fig. 2f). Cross-
sections from the control contralateral EDL muscles of
old mice showed a reduced fibre number compared with
the control EDLmuscles of adult mice (673 ± 38 vs 876
± 39; Fig. 2g). Lengthening contractions resulted in no
significant change in the fibre number of EDL muscles
of adult mice at 28 days following damage compared
with undamaged muscles of the contralateral leg (766 ±
45 and 876 ± 39, respectively; Fig. 2g). In contrast, at
28 days after lengthening contractions, cross-sections of
muscles of old mice showed a significant reduction in
fibre number (512 ± 31) when compared with cross-
sections from the contralateral leg (673 ± 38; Fig. 2g).
Positive immunostaining for NCAM is commonly
used as a marker of denervated fibres in histological
studies, and NCAM immunostaining was undertaken
on transverse sections of EDL muscles from adult and
old mice at 3 and 28 days post-contractions. Only a
small number of NCAM-positive muscle fibres were
seen in EDL muscles from both adult and old mice at
any time point (<2 % per cross-section) with no differ-
ences between muscles of quiescent adult and old mice
or within or between age groups at any time following
damage (data not shown). An example of an NCAM-
positive fibre is shown in Fig. 3a, c. As previously
suggested by other authors, muscle sections stained with
this anti-NCAM antibody (Kostrominova 2010;
Kostrominova et al. 2005) also showed some NCAM
staining of satellite cells (arrow in Fig. 3c).
Innervation and structure of NMJs in EDL muscles
from adult mice following lengthening contractions
Transgenicmice that expressYFP in allmotor axons (Thy1-
YFP mice; (Feng et al. 2000)) were used to allow the ready
location and examination of peripheral motor axons and
pre-synaptic terminals of NMJs. Acetylcholine receptors
(AChRs) in the postsynaptic muscle membrane were also
labelled with fluorescently tagged α-bungarotoxin.
In quiescent muscles of adult mice, >99 % of the
postsynaptic motor endplates and presynaptic nerve ter-
minals observed were intact, well organised and compact
with AChRs aggregates forming continuous long
branches, each precisely aligned with an axonal branch
(Figs. 4a, b and 8a, b). Three days following damage,
approximately 60 % of the NMJs from muscles of adult
mice showed substantial structural fragmentation.
Example images are shown in Fig. 4c with quantification
of the changes in Fig. 8a. Approximately 15 % of NMJs
appeared to lack contact with an intact axon and hence
were fully denervated at this time point (Figs. 4d and 8b).
At 28 days following damage, approximately 96% of the
Fig. 3 a Example ofWGA–fluorescein lectin staining (green) and
NCAM immunostaining (red) on a transverse cross-section of an
EDL muscle from an old mouse at 3 days following damaging
lengthening contractions. DAPI staining (blue) was used to visu-
alise the nuclei. b Focused image of the denervated fibre. c Bright
field image of the denervated fibre. Black arrow indicates satellite
cell. Scale bar 30 μm
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NMJs in EDLmuscles of adult mice had restored normal
structure (Figs. 4e and 8a) with less than 2 % of the total
NMJs appearing to remain fully denervated (Fig. 8b) and
without any other major structural abnormalities evident
at 3 days following damage (Fig. 4e, f, g).
To determine whether lengthening contractions re-
sulted in changes in markers of denervation, changes in
expression of AChRα and MuSK (proteins essential to
the formation and maintenance of NMJs ((Wang et al.
2006); (Punga et al. 2011)) were determined. The tran-
scripts for these genes were increased significantly in
the EDL muscles from adult mice at 3 days following
damage and had returned to basal levels by 28 days
(Fig. 5a, b).
To determine whether lengthening contractions re-
sulted in changes in markers of atrophy, the expression
of Atrogin-1 and MuRF1 (shown to be upregulated in
many models of atrophy (Bodine et al. 2001)) were also
determined. No changes were observed in the expres-
sion of these genes in muscles of adult or old mice either
at rest or following contraction-induced damage
(Fig. 5c, d).
Innervation and structure of NMJs in EDL muscles
of old mice following lengthening contractions
In contrast to muscles of adult mice, NMJs in quiescent
EDL muscles of old mice showed a variety of structural
alterations, including nerve terminal fragmentation with
the majority of nerve terminals showing spherical ends
as well as motor endplate disorganisation (Fig. 6a, b, c).
These changes were seen in approximately 80 % of the
NMJs observed. In addition, approximately 15 % of the
NMJs in quiescent EDL muscles of old mice appeared
to lack contact with an intact axon and so were fully
denervated (Fig. 6c, d).
Qualitatively, NMJs inmuscles of old mice following
damage showed greater disruption (Fig. 7a–c), but no
significant changes were seen in the number of
disruptedNMJs or fully denervatedNMJs at 3 or 28 days
compared with the contralateral undamaged EDL mus-
cle (Fig. 8c, d).
In order to examine whether the permanent loss of
force reported in muscles of old mice is associated with
further structural alterations of the NMJs, a group of old
mice were additionally allowed to recover for 60 days
following the damaging protocol. Data show that at
60 days following damage, the majority of NMJs in
EDL muscles from old mice remained disrupted, with
severe structural alterations (Fig. 7f, g), showing granu-
lar fragmentation and swelling (Fig. 7d, e). Relatively
few fully intact NMJs could be seen.
The expression of both AChRα and MuSK was
significantly increased in quiescent EDL muscles of
old mice comparedwith quiescent muscles of adult mice
(Fig. 5a, b). However, the expression of Atrogin-1 and
MuRF1 was not increased (Fig. 5c, d). The expression
of AChRα was significantly decreased at 28 days fol-
lowing damage in EDL muscles of old mice compared
with EDL muscles from quiescent old mice (Fig. 5a)
whereas the expression of MuSK, Atrogin-1 and
MuRF1 remained unchanged (Fig. 5b, c, d
respectively).
Fig. 4 a Representative longitudinal section of a quiescent EDL
muscle from an adult mouse showing YFP inmotor axons (green),
AChRs labeled with Alexa-594-α-bungorotoxin (red) and image
of the fibres under bright field. b Merged image from a. c–d
Representative longitudinal sections of EDL muscles from adult
mice at 3 days following damage and e at 28 days post-damage. f–
g Higher magnification of an NMJ of an EDL muscle at 28 days
following damage. Red arrows indicate fragmented and denervat-
ed NMJs. Scale bar 30 μm
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Discussion
The profound inability of muscles of old mice to regen-
erate fully following damage is potentially catastrophic
for older individuals. This failure to re-innervate muscle
during regeneration following damage is proposed to be
a key mechanism in the development of sarcopenia
Fig. 5 mRNA levels of
denervation and atrophy markers.
a AChRα, bMuSK, c Atrogin-1
and dMuRF1 mRNA expression
in quiescent EDL muscles from
adult and old mice, muscles at
3 days post-lengthening
contractions and EDL muscles at
28 days post-lengthening
contractions. Values presented as
mean ± s.e.m
Fig. 6 Representative longitudinal sections of EDL muscles from
quiescent old mice showing YFP in motor axons (green), AChRs
labelled with Alexa-594-α-bungorotoxin (red) and image of the
fibres under bright field (a, c). b, d Merged image. Red arrows
show age-related structural changes including nerve terminal frag-
mentation with some nerve terminals forming spherical and par-
tially or fully denervated NMJs. Scale bar 30 μm
Fig. 7 Longitudinal sections of EDL muscles from old mice
expressing YFP in motor axons (green). a Three days following
damage, b–c 28 days post damage, d–e 60 days following damage.
AChRs labelled with Alexa-594-BTX (red). Scale bar 30 μm. f–g
Higher magnification of a NMJ from EDLmuscle of an old mouse
60 days following damage. AChRs labelled with Alexa-594-BTX
(red). Scale bar 10 μm
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although this hypothesis remains controversial. Despite
this, little is known about any changes in motor neurons
and neuromuscular junction (NMJ) structure following
contraction-induced muscle damage in old mice.
The aim of this work was to examine the effect of a
contraction-induced damage protocol on the structure of
the peripheral motor neurons and NMJs in EDLmuscles
of adult and old mice. We hypothesised that (i) length-
ening contraction-induced damage to muscles is associ-
ated with disruption of the innervation of muscle fibres
that would be fully reversed during regeneration in adult
mice but that (ii) the late stage failure in ability of
muscles from old mice to recover their ability to gener-
ate force following lengthening contractions would be
associated with a failure to appropriately re-innervate
regenerated muscle fibres.
Lengthening contractions induce defined levels
of damage and regeneration in mice in vivo
A well-characterised protocol of lengthening contrac-
tions was used in the current study. EDL muscles from
adult and old mice were subjected to lengthening con-
tractions via the motor nerve as previously described
(McArdle et al. 2004; McCully and Faulkner 1985).
Damage occurring during this severe protocol of length-
ening contractions follows a well-defined course of
events in muscles of adult mice (Brooks and Faulkner
1990; Kayani et al. 2008; McArdle et al. 2004). Initially,
the ability of muscle to generate force is reduced. At this
stage, focal injury to single or groups of sarcomeres is
observed. This initial injury leads to a secondary injury,
classically at 3 days post-contractions, where wide-
spread necrosis is evident within the muscle and at this
point, a further reduction in the force production is
observed. Data from the current study have now shown
that this is associated with a clear upregulation of
AChRα expression in muscle of adult mice, suggesting
that active remodelling is occurring, although no chang-
es in markers of muscle atrophy were seen. The muscle
then slowly regenerates and force generation recovers to
pre-exercise values by ∼28 days following contractions
in adult mice, but a substantial deficit in the ability to
generate force remains in muscles of old mice at this
time point (Brooks and Faulkner 1990; McArdle et al.
2004). This is associated with the persistence of
muscle fibres with central nuclei and small cross-
sectional areas at 28 days possibly reflecting the
presence of poorly innervated muscle fibres. The
deficit in maximum force generation in muscles of
old mice at 28 days following damage (McArdle
et al. 2004) appears to be permanent (Brooks and
Faulkner 1990) and is associated with loss of ∼25 %
of muscle fibres at the same time point. Since mus-
cle fibres are lost and small atrophic fibres are
observed routinely in skeletal muscles of old mice
Fig. 8 Percent of a fragmented
and b fully denervated NMJs in
EDLmuscles from adult mice and
percent of c fragmented and d
fully denervated NMJs in EDL
muscles from old mice at rest, 3
and 28 days following damaging
lengthening contractions. Values
presented as mean ± s.e.m. Data
collected from 100 NMJs per
EDL from 4 animals at each time
point
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(Brooks and Faulkner 1988, 1990), these authors
proposed that contraction-induced injury may con-
tribute to the development of sarcopenia.
Innervation and structure of NMJs in EDL muscles
from adult mice following lengthening contractions
Data support the hypothesis that the protocol of length-
ening contractions to muscles of adult mice resulted in
disruption of NMJ structure which can be fully reversed
by 28 days post-contractions. It is possible that a number
of the visibly disrupted NMJs are still able to function to
elicit force generation by muscle fibres and that other
factors such as direct focal damage to muscle fibres
contribute to the overall loss of muscle force generation,
particularly at 3 days following damage. Indeed, studies
in acetylcholinesterase knockout mice demonstrate a
pattern of acetylcholinesterase receptors which are dis-
tributed in a smaller and fragmented surface area,
mirroring the branching pattern of motor nerve termi-
nals but such patterns still allow an effective neuromus-
cular transmission. These findings indicate that the neu-
romuscular system exhibits a remarkable plasticity that
has important consequences for the functioning of the
neuromuscular junction (Girard et al. 2005).
Structure and innervation of NMJs in quiescent EDL
muscles of old mice and following lengthening
contractions
Comparison of NMJs from quiescent adult and old mice
revealed a variety of age-related structural alterations,
swellings, partial or complete withdrawal of axons from
some postsynaptic motor endplates and fragmentation
of the postsynaptic organization in NMJs from old mice.
This was associated with an increased expression of
AchRα, suggesting increased remodelling. Similar
age-related structural alterations have been reported by
other groups in quiescent EDL (Chai et al. 2011) and
tibialis anterior muscles (Valdez et al. 2010) from old
mice and in muscles from mouse models of accelerated
muscle ageing (Jang et al. 2010). Other age-related
morphological and functional changes within and
around NMJs have been reported, including a reduction
in both the number of post-synaptic folds and the nerve
terminal area which results in functional impairment in
the post-synaptic response of the NMJ (Kurokawa et al.
1999) as well as mitochondrial alterations in axon ter-
minals characterised by swelling, mitochondrial fusion
and the presence of megamitochondria (Garcia et al.
2013). Previous data have shown that the specific force
generation (force/CSA) by EDL muscles from old mice
was reduced by approximately 25% compared with that
of adult mice when the muscles are activated via the
motor nerve (McArdle et al. 2004) and so a comparison
with the number of disrupted NMJs observed in quies-
cent muscle of old mice in this study (∼80 %) indicates
that many of the apparently disrupted NMJs observed
must retain some functional capacity. It has been
hypothesised that the capacity of motor neurons to fully
re-innervate muscle fibres that are denervated or
regenerating is progressively reduced with ageing
(Gonzalez-Freire et al. 2014) and data by Li et al
(2011) has proposed that morphological changes in
NMJs of old rodents are explained by degeneration
and regeneration of muscle fibre segments at the synap-
se (Li et al. 2011).
We attempted to confirm the extent of denervation of
the muscles by immunostaining of transverse muscle
sections for NCAM as has previously been used
(Kostrominova 2010; Kostrominova et al. 2005).
However, only 1–2 % of fibres showed positive staining
even at 3 days post-contractions where 15 % of fibres
showed evidence of full denervation. In addition, no
NCAM-positive muscle fibres were detected in EDL
muscles from either adult or old mice at 28 days follow-
ing lengthening contractions where approximately 12%
of muscle fibres from old mice still show denervation.
Thus, we conclude that analysis of NCAM immuno-
staining at a single time point may underestimate the
number of denervated fibres following contraction-
induced damage. The likely explanation for this is the
transient expression of NCAM in denervated fibres
following lengthening contraction-induced damage, as
has been proposed by other authors (Muller-Felber et al.
1993). In addition, it has been demonstrated that al-
though muscle fibres of old mice retain normal back-
ground levels of NCAM, these muscles may have an
impaired ability to upregulate extra-junctional NCAM
in response to loss of motor nerve input (Gillon and
Sheard 2015).
We hypothesised that degeneration of the muscle
fibres induced by lengthening contractions would
lead to further deterioration of NMJ structure in old
mice. However, the pre-existence of such NMJ ab-
normalities in muscles of old mice made it difficult to
determine the effect of lengthening contractions on
NMJ disruption and recovery. Indeed, no further
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quantitative changes occurred at 3 or 28 days post-
lengthening contractions despite substantial damage
to the muscle fibres at 3 days following contraction-
induced damage and a permanent substantial deficit
in nerve-evoked force generation at 28 days follow-
ing damage compared to pre-damage force genera-
tion. We hypothesised that the functional deficit in
old mice at 28 days following contraction-induced
damage would be associated with absent or incom-
plete re-innervation of the regenerating muscle fibres
but no evidence for this was found. Surprisingly,
axons of old mice navigate to and reoccupy former
neuromuscular junctions following damage in a
relatively efficient manner albeit with continued
evidence of some NMJ abnormalities as seen in
quiescent muscles. This is in agreement with the
study of Kang and Lichtman (2013) that demonstrat-
ed that axons in old mice reoccupy neuromuscular
junction sites more slowly, but efficiently although
the authors state that only one of 42 NMJs examined
in their study showed abnormalities including faint
and fuzzy receptor staining, and in this instance, the
overlay was not as efficient (Kang and Lichtman
2013). In order to fully understand the alack of effect
of the contraction-induced damage on NMJ disrup-
tion in muscles of old mice, it is important to consider
the nature of the approach used for assessing the
percentage of disrupted NMJs and the changes in
total muscle fibre number. The percentage of
disrupted NMJs does not take into account the com-
plete loss of fibres but reflects the percentage evident
per 100 NMJs in each muscle. Fibre number
remained the same in muscles of adult mice.
However, in both the comparison of old control mus-
cles with adult control muscles or in old muscles
post-damage compared with old control muscles,
the loss of muscle fibres and the impact of that on
overall muscle function needs to be taken into con-
sideration. It is not possible in the current study to
identify the nature of the NMJs of those fibres that
were completely lost, but given the lack of any sta-
tistical difference between the percentage of
fragmented or fully denervated NMJs remaining in
muscles of old mice at 28 days post-contractions
compared with controls, it could be assumed that
muscle fibres with either fragmented or completely
denervated NMJs are lost. It is also clear from the
previous discussion that many of the apparently
disrupted NMJs observed in quiescent muscle from
old mice at rest must retain some functional capacity
and hence it is feasible that the contraction-protocol
may have induced subtle changes in NMJ structure
and function that were not detectable in the current
study but that have a major effect on the ability of
muscles to generate force following damaging
contractions. Indeed, Verdu et al (1995) demonstrat-
ed that nerve regeneration following resection,
judged by the reappearance of compound muscle
action potential evoked by nerve stimulation ampli-
tude, reached up to 90 % of control values in young
mice following resection, but less than 50 % in old
mice (Verdu et al. 1995). Our future studies will
focus on determining neuromuscular transmission in
parallel with determination of axonal and NMJ struc-
ture in order to evaluate such potential changes fol-
lowing contraction-induced injury.
Nerve damage and disruption of NMJs are necessary
to elicit the permanent functional deficit to muscles
of old mice
Studies focussing on the ability of muscles of old
rodents to regenerate following experimental damage
by treatment with myotoxins or following nerve
crush or resection or following grafting of muscles
across different aged rodents has been very informa-
tive regarding the role of innervation in successful
regeneration (Carlson et al. 2001; Kawabuchi et al.
2011; Lee et al. 2013; Streppel et al. 1998; Verdu
et al. 1995). Myotoxins frequently damage muscle
fibres, leaving the vasculature and nerve intact, com-
pared with models which cause overt nerve damage
(Grounds 2014). Transplantation results in spontane-
ous muscle degeneration and regeneration in the
presence of a severed nerve and provides crucial
information on the role of environmental factors on
failed regeneration in muscles of old rodents (Brooks
and Faulkner 1990). Based on these studies, the same
group has proposed that the permanent deficit in
muscle force generation following damage in old
rodents requires peripheral nerve damage (Carlson
and Faulkner 1996, 1998), supporting the hypothesis
that lengthening contraction-induced muscle damage
must contain a component of motor axon damage and
the failure to regenerate successfully in this situation
may be primarily due to the effects of changes in the
local environment on re-innervation.
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Relevance of failed regeneration following
contraction-induced damage to the development
of sarcopenia
Previous studies from our laboratory in a transgenic
mouse model of HSP70 overexpression has provided
evidence that where the ability to regenerate muscles is
preserved in old mice, this had little effect on the devel-
opment of sarcopenia (McArdle et al. 2004), although
the effect of overexpression of HSP70 on nerve structure
and function in quiescent muscles or following the
contraction protocol was not determined. Conversely,
when muscle tetanic force generation and CSA are
preserved by overexpression of HSP10, there was little
effect on the development of the force deficit in muscles
of old mice following a period of damaging lengthening
contractions (Kayani et al. 2010). The study of Fry et al
(2015) suggests that the ability of muscles to regenerate
plays little role in the development of sarcopenia but
data presented in this study and by others would suggest
that in order to facilitate an accelerated development of
sarcopenia, a compromised nerve regeneration process
may also need to be present, a hypothesis that has also
recently been proposed by Sataranatarajan and col-
leagues (Sataranatarajan et al. 2015).
In summary, our current and previously published
data indicate that damage to muscle fibres induced by
lengthening contractions in adult mice was associated
with a 60–70 % loss of force production and damage
to fibres that was further associated with an equiva-
lent degree of disruption to NMJ structure and that
the damage to the muscle fibres, neurons and NMJs
was reversed entirely within 28 days. In contrast, in
old mice, a substantial proportion of fibres (∼15 %)
were denervated and NMJs disrupted (∼80 %) prior
to contractions and no change in values for quantita-
tive structural changes to NMJs were evident follow-
ing the contraction-induced damage. Thus, data sug-
gests that the disrupted NMJs evident in muscles of
old mice must retain some functional capacity and
that in old mice, the failure of regeneration that
occurs following experimental damage does not ap-
pear to be associated with a specific failure of re-
innervation of muscle fibres. In contrast, the com-
plete loss of muscle fibres in old mice, at least in part,
provides an explanation for the inability of muscles
of old mice to recover the force deficit evident fol-
lowing contraction-induced damage and provides ev-
idence that contraction-induced damage may play a
role in the loss of muscle fibres in sarcopenia, albeit
over a longer period of time.
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